Harvard Medical School is, activity may only be required for axons to read hypo-220 Longwood Avenue thetical molecular cues that specify eye-specific layers. Boston, Massachusetts 02115 However, this "permissive" model is difficult to reconcile with the three-eyed frog experiments of ConstantinePaton and colleagues, where the optic tectum would Summary certainly not be expected to harbor eye-specific molecular cues arrayed in stripes, which desegregate when A central hypothesis of neural development is that NMDA receptors are blocked (Constantine-Paton et al., patterned activity drives the refinement of initially im-1990; Cline, 1991). Unfortunately, this experimental maprecise connections. We have examined this hypothenipulation again relies on activity blockades, which cansis directly by altering the frequency of spontaneous not reveal a requirement for specific spatiotemporal patwaves of activity that sweep across the mammalian terns of activity, as opposed to activity per se. To make retina prior to vision. Activity levels were increased in such distinctions requires modulating either the level or vivo using agents that elevate cAMP. When one eye pattern (or both) of spontaneous activity, rather than is made more active, its layer within the LGN is larger removing all activity. despite the other eye having normal levels of activity.
Introduction overall orientation map intact (Weliky and Katz, 1997).
These experiments, in which the activity of all retinal In mammalian neural development, precise patterns of ganglion cells has been synchronized, indicated that connectivity are refined from initially diffuse projections, temporal information is critical in driving the refinement a process known to require neural activity (Katz and process. However, these manipulations disrupt develShatz, 1996; Feller, 1999; O'Donovan, 1999). For examopment without addressing how activity might be used ple, retinal ganglion cells in each eye subserving the during normal development. Specifically, the experisame regions of visual space project to the same visual ments have not addressed the question of whether an thalamic relay, the lateral geniculate nucleus (LGN). The activity-dependent competition is involved because the axonal projections from the two eyes are initially interactivity of all ganglion cell inputs has been synchronized. mingled, but segregate into eye-specific layers during To address this question, it is necessary to alter activity early development (Linden et al., 1981; Rakic, 1976;  patterns between two sets of inputs that are hypotheShatz, 1983; Sretavan and Shatz, 1986). The axons segsized to compete. Here we have done this by altering regate before vision is possible, but the process still the spatiotemporal properties of the retinal waves in requires neuronal activity in the form of spontaneous either one or both eyes during development of the ferret retinal waves (Feller et al., 1996; Meister et al., 1991;  retinogeniculate projection, and allowing competition to Wong et al., 1993) . Blockade of neural activity, either proceed. directly in the retina (Penn et al., 1998) 
or in the LGN
Waves of correlated retinal activity occur spontane-(Shatz and Stryker, 1988; Sretavan et al., 1988) , prevents ously during early development (Wong et al., 1993) , the axons from the two eyes from segregating into eyethroughout the period of eye-specific layer and subsespecific layers. Neural activity has been theorized to quent on-off sublayer segregation in the ferret LGN drive a competition between the two eyes for LGN terri- (Hahm et al., 1999; Linden et al., 1981) . Although the tory , and indeed blocking activity in one retina lacks mature photoreceptors, the waves propaeye results in the loss of much of the territory that eye's gate through a synaptic network of amacrine and ganprojection normally occupies in the LGN to that of the glion cells (Feller et al., 1996; Wong et al., 1995; Zhou, 1998) . Propagation during the period of layer segregaactive eye (Penn et al., 1998 lated by the levels of cyclic-AMP in the retina, controlled at least in part by adenosine acting through A2 adenoinjected kits gained weight and size at the same rates as their uninjected littermates. The status of the retinal sine receptors (Stellwagen et al., 1999) . Increasing pharprojections to the LGN was then examined at P9 by macologically the level of cAMP in the retina results in injecting the treated eye with an anterograde tracer (Figlarger , faster, and more frequent waves. Using this fact, ure 2A; see Experimental Procedures). The percentage we can now elevate levels of activity in one or both eyes area within the LGN occupied by the ipsilateral projecwithout perturbing drastically the overall spatiotemporal tion from the treated retina was measured to obtain a dynamics of wave activity, and examine the consequences quantitative assessment of the consequences of the on the patterning of the retinogeniculate projection. treatment ( Figure 2B ). Nine days of treatment with CPT-cAMP produced a Results dramatic increase in the percentage of the LGN occupied by the ipsilateral projection from the treated eye Pharmacological agents that elevate intracellular levels (Figure 2) . Normally, the ipsilateral projection occupies of cAMP increase wave activity within the retina (Stell-13.5% Ϯ 1.2% of the LGN area (measured objectively wagen et al., 1999). To produce an increase in wave from the four sections containing the largest projecactivity in vivo, intraocular injections were made of fortion; n ϭ 6 untreated control littermates), but with CPTskolin or cholera toxin, each known to increase produccAMP, the ipsilateral projection occupancy increased tion of cAMP (Seamon and Daly, 1986; Tsai et al., 1987 Figure 1A) . retinal waves by elevating cAMP also increase the Although the duration of action for these agents is amount of territory occupied by that eye's projection to difficult to assess in vivo, we can take advantage of the the ipsilateral LGN. long-lasting action of cholera toxin, which generates The contralateral projection from the treated eye was prolonged elevations in cAMP levels through ADP-ribomodestly increased over normal. The projection from sylation of stimulatory G proteins (Tsai et al., 1987) . A retinas treated with forskolin, CPT-cAMP, or cholera single intraocular injection of cholera toxin can produce toxin once every 48 hr occupied 93.1% Ϯ 1.3%, 90.9% Ϯ sustained alterations in wave parameters in vivo, for at 0.9%, or 90.2% Ϯ 1.7% of the LGN, respectively, comleast 24 hr. Ferret kits received a monocular injection pared with 88.9% Ϯ 1.0% for control retinas from unof cholera toxin; 24 hr later, the retinas were removed, treated littermates; only forskolin significantly increased loaded with calcium indicators, and the resulting fluoresthe projection over the control value. When CPT-cAMP cence monitored in vitro to assess the level of retinal was injected every 24 hr, the contralateral projection activity ( Figure 1B ). Wave frequency was 0.79 Ϯ .07 from the treated eye increased occupancy to 93.3% Ϯ waves per minute for treated retinas 24 hr following an 1.3%, significantly larger than the control projection. intraocular injection of cholera toxin, significantly higher Despite these changes, because all of the measurethan the 0.58 Ϯ .01 waves/min observed in the uninments of contralateral occupancy are confounded by jected retinas from the same animals (p Ͻ 0.05; n ϭ 3 fibers of passage (see Experimental Procedures), we pairs of retinas). While the increase in frequency is more concentrated attention on the ipsilateral projection to modest than that seen immediately following an acute the LGN, where consistent and robust increases are application of cholera toxin, it demonstrates that wave observed. frequency can be increased chronically in vivo by at This increase in area occupied by the projection from least 35%. the more active eye could arise either at the expense of that from the untreated eye, or alternatively because Monocular Elevation of cAMP Increases inputs from both eyes fail to segregate completely and Size of LGN Layers instead actually share common territory within the LGN. To examine whether an increase in wave activity confers To distinguish directly between these alternatives, the a competitive advantage to the projection from the more retinogeniculate projections from both eyes-treated active eye, monocular intraocular injections were made, and untreated-were double-labeled at the conclusion leaving the other eye with normal levels of activity. LGNs; control ϭ 13.5% Ϯ 1.2%, n ϭ 6 animals) and both of these results are significantly lower than those following monocular injections of CPT-cAMP (22.7% Ϯ 1.0%, n ϭ 4, p Ͻ 0.005). This experiment is crucial for several reasons. First, results shown in Figure 4 rule out the possibility that cAMP has nonspecific effects on retinal neurons unrelated to the increase in wave dynamics. For example, increased cAMP within the retina could dysregulate axon growth, which in turn might prevent the projections from both eyes from segregating into layers. On the contrary, not only do layers of normal size form, but they are located correctly in the binocular zone of the LGN, indicating that despite elevations in retinal cAMP, axons still respond to topographic positional cues within the target. Secondly, Figure 4 indicates that so long as the characteristic spatial and temporal properties of the retinal waves are preserved, eye-specific layers can form normally even if the overall amount of activity in both eyes is elevated. This is a key observation that should be contrasted with all previous experimental attempts to increase intraocular activity by electrical stimulation or strobe rearing (Schmidt and Buzzard, 1993; Weliky and Katz, 1997). Those manipulations, by correlating all neuronal activity, caused a degradation in the precision of the retinal projection, which then could not be distinguished from growth dysregulation or other deleterious effects of the stimulation paradigm independent of neural activity patterns.
To verify further that the change in the area of the retinogeniculate projection is due to an imbalance in wave activity between the two eyes, epibatidine was injected with forskolin into the same eye from P1-P9 once every 48 hr. Epibatidine is a potent agonist known to prevent all wave activity by blocking nicotinic cholinergic synaptic with forskolin or CPT-cAMP is a direct consequence of (n ϭ 4) or every 24 hr (n ϭ 3), of cholera toxin (CTX; n ϭ 3), or of changing the balance of wave activity between the two forskolin (n ϭ 3) all occupied a significantly larger proportion of eyes, rather than being due to a nonspecific effect of the LGN than the ipsilateral projection in unmanipulated littermates (control, n ϭ 6). simply elevating cAMP. Taken together, these observations demonstrate that the increase in the amount of LGN territory occupied by the ipsilateral projection correlates with the difference in activity between the two then binocular, as opposed to monocular, treatments eyes, not the absolute level of activity within an eye. should preserve territorial equality between the two eyes' projections to the LGN. As shown in Figure 4A 
Discussion
Here we have addressed the question of whether the amount and balance of neural activity experienced by retinal ganglion cells influences the pattern of central connections within the LGN. Our results demonstrate that the area occupied by an axonal projection is regulated in accordance with the amount of activity experienced by those inputs, relative to competing inputs. Increasing wave activity of one eye in vivo by intraocular injection of cAMP-enhancing agents permits that eye to acquire more LGN territory than the other eye, which nevertheless has a normal level of wave activity. The gain in territory does not occur if both eyes' activity is similarly augmented. Taken together, these data strongly support the hypothesis that an activity-dependent competition between retinal axons from the two eyes for LGN territory shapes the size of each layer within the binocular zone of the LGN.
An Instructive Role for Retinal Activity in LGN Development
There has been a longstanding discussion, based on previous experiments, about whether neural activity plays a "permissive" or an "instructive" role in patterning axonal connections during development (reviewed in Crair, 1999; Katz and Shatz, 1996) . Neural activity could act "permissively," in the sense that a threshold level of activity is required to be able to read or process intrinsic information within LGN neurons, such as a set of intermingled, but actually increase their branching (Sretavan and Shatz, 1986). A similar result occurs when retinal waves are blocked in both eyes by interfering cells were stratified in either the on or off sublayer of the inner plexiform layer (Figures 5C-5E ) in treated retiwith cholinergic synaptic transmission: again, the eyespecific layers fail to form (Penn et al., 1998). In one nas, as in normals. These observations strongly suggest that under the conditions used here to elevate cAMP previous report (Cook et al., 1999) , it was noted that binocular TTX treatments did not prevent segregation levels in the retina, the number of retinal ganglion cells remains unaffected and many aspects of retinal ganglion of retinal axons into eye-specific layers within the LGN. In our experience, it is not possible to obtain a complete cell development proceed normally. These data are perhaps not surprising in view of the fact that we have only blockade of wave activity with retinal injections of TTX without producing lethal systemic effects; this is why altered wave dynamics by around 35%, and cAMP has we used the cholinergic blockers (Penn et al., 1998) , While the observations above argue that neural activity is required for eye-specific segregation, they cannot which can be confined to the retina and nevertheless completely block retinal waves. elucidate how activity works to pattern retinogeniculate The increase in projection area resulting from a monocuto allow retinal axons to read molecular cues on LGN lar injection of agents that elevate cAMP is a conseneurons, then the projection from the active eye should quence of activity-dependent competition rather than have formed a normal sized layer, rather than the exdue to nonspecific effects of cAMP on the growth state panded layer that was observed; similarly, the projection of retinal axons for at least three reasons. First, the from the treated, inactive eye should have expanded in untreated eye (with normal cAMP levels) yields LGN a dysregulated growth mode, rather than shrunk as was territory to the treated eye, suggesting that a competitive observed. The observed results are more consistent interaction occurs between the two sets of retinal axons. with an instructive, competitive mechanism in eye-speIf growth were simply based on absolute levels of cAMP cific layer formation. However, blockades can never fully within the retina, then the untreated eye should have had distinguish between instructive and permissive roles for a normal sized projection to the LGN. Second, combined activity for all the reasons considered above. intraocular injection of forskolin and epibatidine (which The results presented in this present study avoid the blocks retinal waves) decreases the size of the projeccaveats raised for experiments involving blockade of tion from the treated eye to the LGN; an increase would activity, and strongly support an instructive role for achave been expected if elevation of cAMP simply dysregtivity in LGN development. By "instructive," we mean ulated growth. Third and perhaps most telling, if cAMP that the patterns of neural activity-both spatial patterns acts to dysregulate growth, then binocular injections of that contain information about firing of nearest neigh-CTP-cAMP should have produced expanded projecbors and temporal patterns such as the frequency of tions to the LGN from both eyes; instead we observed wave occurrence-rather than eye-specific molecules normal sized layers. The only way to reconcile all of in the LGN dictate the formation of the layers within the these observations is to conclude that it is the differenbinocular zone of the LGN. For a simple binary result tial balance between the levels of activity in the two such as eye-specific layers, even changes in the freeyes that regulates the amount of LGN territory occupied quency of spontaneous correlated firing by retinal ganby the retinal projections from each eye. Similar depenglion cells could be sufficient to alter the relevant infordence on relative levels of activity have been observed mational content of the activity. Here we have shown during the development of ocular dominance columns that when one eye is made more active than the other in the visual cortex (Chapman et al., 1986), although by increasing wave frequency, its projection gains addithese experiments were conducted after the initial fortional territory in the LGN, even though the other eye is mation of the columns. The overarching principle realso active (rather than silent) and presumably can read mains-more activity means more territory; less activity available molecular cues if present. If both eyes have means less territory. increased, but approximately equal, levels of activity, Although each experiment, past or present (Table 1) , then axonal projections from neither eye gain territory. when taken in isolation may have alternative explanaInstead, each projection occupies the same amount of tions and drawbacks, it is difficult to reconcile all of the LGN territory as if both retinas were experiencing normal results with any other interpretation. In all cases, the levels of activity. more active eye always gains more territory, whether or This observation provides a crucial missing link to the not it is treated. The most parsimonious conclusion is framework of the historical argument for an instructive that an activity-dependent competition between axons role for neural activity. The argument is based on the from the two eyes drives the process of binocular segreidea that correlations of activity are required for the gation and that the layers are not intrinsically defined strengthening or weakening of synaptic connections, by unique eye-specific molecules that can only be recand that retinal activity can provide those correlations in ognized by active ganglion cell axons. It is also hard to the form of spontaneous waves at early ages or visually imagine how an activity-independent competition might driven activity later on (Cline, 1991; Crair, 1999; Katz function, given that the area occupied by retinal projecand Shatz, 1996). As mentioned earlier, experimental tions is always correlated with the differential in levels support for this idea has come from two sets of experiof retinal activity. We believe that a strong argument ments in which the activity of all retinal ganglion cells can now be made in favor of the hypothesis that neural is correlated by either electrical stimulation to the optic activity instructs the patterning of connectivity between nerve (Weliky and Katz, 1997) or by strobe rearing (Eisele the retina and LGN during development of the eye-speand Schmidt, 1988; Schmidt and Buzzard, 1993). In each cific layers. instance, results demonstrate that precise connectivity While these experiments argue in favor of an instrucfails to form and the immature, diffuse pattern is retained.
tive role for neural activity in forming retinal projection However, these experiments represent the "loss-ofpatterns within the binocular zone of the LGN, it is worth function" case and until our study, the question renoting that many aspects of patterning of the retinogemained, what is the effect on connectivity if more patniculate projection can take place not only in the abterned activity is added to the developing system? Our results now demonstrate that if the neural activity is sence of all activity, as when retinal waves are blocked, but also when one or both eyes have increased levels 2000), but in all cases, this period is still well within the time frame for retinal wave activity to play a crucial role. of activity produced by elevating of cAMP. For example, retinal axons from the temporal retina of the treated eye, Nevertheless, it has been proposed recently that the initial formation of ocular dominance columns does not while expanding to occupy a larger layer than normal, do not invade the monocular region of the LGN that is require neural activity, but rather relies on molecular cues (Crowley and Katz, 2000) . This proposal is at odds normally innervated by axons from the nasal retina of the contralateral eye. Nor do axons from the treated eye with the results presented here, in the sense that it seems unlikely that the segregation of retinal axons to ever overgrow the LGN and invade territory belonging to other projection systems. These observations argue form eye-specific layers within the LGN would utilize the information contained in the neural activity patterns, but that growing axons can still recognize many targeting cues within the LGN even when cAMP is elevated (or then the segregation of LGN axons to form ocular dominance columns, which occurs in all mammals after the activity blocked) and they are entirely consistent with previous suggestions (Flanagan and Vanderhaeghen, eye-specific layers have formed, would rely solely on molecular cues. Before deciding that the two systems 1998; Katz and Shatz, 1996; Tessier-Lavigne, 1995) that both activity-dependent and activity-independent cues are profoundly different in regard to mechanism, it will be important to manipulate directly neural activity levels cooperate to pattern the retinogenciulate projection. versus time, where F is the amount of DC fluorescence corrected for bleaching, and ⌬F is the deviation from this baseline.
Analysis of Retinal Projection Areas Physiological Recording

Slides of anterogradely labeled sections containing superior colliculi
Cell-attached patch clamp recordings were made from ganglion and lateral geniculate nuclei were scanned and images acquired cells using an Axopatch 200A amplifier and pClamp6 software (Axon into a computer using a CCD camera (Dage) and NIH Image softInstruments). Ganglion cells were identified based upon dendritic ware, using invariant settings. Projection areas of HRP-labeled secmorphology, soma size, and presence of an axon. Forskolin (Sigma) tions (Figure 2) were determined solely by computer algorithm and was dissolved in DMSO and stored at Ϫ80ЊC until used. Final conthus were not subject to experimenter interpretation. Data were centrations of DMSO in ACSF were Ͻ1%; test solutions of ACSF analyzed by setting a threshold of 30% above the background pixel with 1% DMSO had no effect on the frequency of retinal waves. values of unstained tissue, and measuring the percent area of the LGN containing anterogradely transported label. Pixels above Retinal Ganglion Cell Labeling threshold were accepted as labeled. Fluorescently labeled LGNs, To determine the number of ganglion cells and to examine their due to higher background staining, occasionally required some dendritic morphology, DiI crystals were placed on the stump of the manual resetting of the threshold. However, fluorescent data closely optic nerve from fixed eyes, and were allowed to transport for one matched HRP data, indicating that no undue experimenter bias was week at 37ЊC. In animals double-labeled with fluorescent CtB, the somehow introduced.
CtB itself was used to determine cell density. Retinas were then Percent LGN occupancy was calculated from four LGN sections removed, flattened, and viewed under a Nikon Optiphot microscope. containing the largest area of the binocular zone in each animal.
Cell counts were obtained from identical regions of retina from Measurement of ipsilateral occupancy included all of the labeled treated and untreated retinas from the same animals, and expressed projection to layers A1 and C1. Measurement of contralateral occuas cells per unit area. Images were collected with a color CCD pancy included Layer A and all of the labeled C layers (C and C2). camera (Diagnostic Spot). High magnification pictures were taken Note that because the retinal projection from the contralateral eye on a confocal microscope (Nikon) and projection images created traverses several layers receiving innervation from the ipsilateral using NIH Image. eye, measurements are confounded by a "fiber of passage" contribution. Thus the contralateral occupancy measurements are likely
